Mechanical transducers based on nanowires promise revolutionary advances in biological sensing and force microscopy/spectroscopy. A crucial step is the development of simple and non-invasive techniques able to detect displacements with subpicometer sensitivity per unit bandwidth. Here, we design suspended tapered silicon nanowires supporting a range of optical resonances that confine and efficiently scatter light in the visible range. Then, we develop an optical method for efficiently coupling the evanescent field to the regular interference pattern generated by an incoming laser beam and the reflected beam from the substrate underneath the nanowire. This optomechanical coupling is here applied to measure the displacement of 50 nm wide nanowires with sensitivity on the verge of 1 fm/Hz 1/2 at room temperature with a simple laser interferometry set-up. This method opens the door to the measurement of the Brownian motion of ultrashort nanowires for the detection of single biomolecular recognition events in liquids, and single molecule spectroscopy in vacuum.
Mechanical transducers based on nanowires promise revolutionary advances in biological sensing and force microscopy/spectroscopy. A crucial step is the development of simple and non-invasive techniques able to detect displacements with subpicometer sensitivity per unit bandwidth. Here, we design suspended tapered silicon nanowires supporting a range of optical resonances that confine and efficiently scatter light in the visible range. Then, we develop an optical method for efficiently coupling the evanescent field to the regular interference pattern generated by an incoming laser beam and the reflected beam from the substrate underneath the nanowire. This optomechanical coupling is here applied to measure the displacement of 50 nm wide nanowires with sensitivity on the verge of 1 fm/Hz 1/2 at room temperature with a simple laser interferometry set-up. This method opens the door to the measurement of the Brownian motion of ultrashort nanowires for the detection of single biomolecular recognition events in liquids, and single molecule spectroscopy in vacuum.
N anowires grown by bottom-up techniques have high structural quality and their almost perfect axisymmetry makes the orthogonal vibration modes almost degenerate in frequency 1 . This genuine property of nanowires can be harnessed for mass and stiffness spectroscopy of molecular complexes 1, 2 . In addition, nanowires inherently exhibit low force noise, which makes them ideal as nanoscale probes for biology research 3 , for pushing magnetic resonance force microscopy closer to achieving the goal of molecular imaging 4, 5 , and for biological nanomechanical sensors 2, [6] [7] [8] [9] [10] . The detection of the thermomechanical noise, also referred to as Brownian motion, dictated by the fluctuation-dissipation theorem 11, 12 is in many applications desirable in order to avoid modifying the resonator state 13, 14 . The aforementioned applications thus, require non invasive displacement detection techniques with sub-picometer displacement sensitivities at room temperature. In addition, these techniques must keep the highest possible technical simplicity to be implemented in various forms of force microscopy and biosensing technologies able to operate in vacuum, air or liquids.
State of the art optical techniques with these requirements have achieved a detection limit near 10 fm/Hz 1/2 in microcantilever transducers with highly reflective flat surfaces larger than the used wavelength 15, 16 . When the width of the suspended beam is reduced to 200 nm, the displacement noise increases to 20-30 pm/Hz 1/2 , i.e. more than three orders of magnitude 17 . Higher signal degradation is expected in nanowires as a consequence of the small diameter and non flat surface that both lead to a significant reduction in the number of backscattered photons. Strikingly, recent reports have demonstrated that the vibration of certain nanowires can be detected with sensitivity of ,pm/Hz 1/2 with interferometric 1,18-20 and noninterferometric 3 optical approaches. On one hand, this sensitivity enables to resolve the Brownian motion of long nanowires (typically 10 mm long), but it is clearly insufficient to detect shorter nanowires (length smaller than 2-3 mm) or higher vibration modes, that provide higher sensitivity in mass sensing and force gradient detection. On the other hand, and more importantly, this sensitivity is not generally achieved in all nanowires, and the cause for such inconsistency remains as an unanswered question. Moreover, little is known about the role of the nanowire size, polarization and wavelength in the optomechanical transduction.
In this work, we show experimental and theoretical data addressed to unveil the underlying mechanisms behind the light-nanowire interaction in an optical interferometry set-up. The results provide the optimal optical conditions and nanowire geometry to detect the Brownian fluctuations of semiconductor nanowires. Then, we discuss the open opportunities behind this discovery for ultrasensitive mass sensing as well as for detection of single biomolecular recognition events.
Results and discussion
We have fabricated Si nanowires horizontally assembled and epitaxially clamped at the sidewalls of pre-patterned microtrenches on Si substrates by using the vapor-liquid-solid growth mechanism 1, 20 (Supplementary Section S1). The length of the nanowires ranges 8-16 mm and the diameter 40-240 nm. The vertical separation between the nanowire and the substrate underneath ranges 1.0-1.3 mm. A key feature in this study is that we chose growth conditions to produce tapered nanowires, in which the diameter linearly decreases from the clamped to the free end 21 . The vibration of the nanowires at room temperature was measured by using a homemade optical interferometer 1 in a Fabry-Perot configuration operating at a wavelength of 633 nm (Supplementary Section S2). Fig. 1(a) shows a scanning electron microscopy (SEM) image of one of the fabricated tapered nanowires and, below, a frequency spectrum of the thermomechanical fluctuations that shows the quasidegeneration of the two orthogonal fundamental vibration modes 1 . The nanowire is 11.3 mm long and the diameter decreases from 150 6 5 nm at the clamp to 60 6 5 nm at the tip (determined by SEM). For the sake of simplicity, we hereinafter show the data for the mechanical fundamental submode with vibration direction closer to the substrate normal. When the tapered nanowire is visualized by dark-field microscopy, we observe colors ranging all over the visible spectrum between the clamped and free ends ( Fig. 1(b) , top) [22] [23] [24] . Since the dark-field is only sensitive to the scattered light, the colors of the collected light mainly arise from the light scattered by the nanowire. Our numerical simulations of the light-nanowire interaction show that silicon nanowires exhibit optical resonances that efficiently enhance the light scattering for certain values of the wavelength to diameter ratio (Supplementary Section S3). These resonances produce a correlation between the nanowire diameter and the color of the scattered light that fits with the dark-field data.
To obtain further insight on the nanowire optical resonances, we have calculated the scattering efficiency of the nanowire at a wavelength of 633 nm as a function of its diameter that we show at the bottom of Fig. 1B for transverse magnetic (TM) and transverse electric (TE) azimuthal polarizations. The spectra show a series of optical resonances where strong scattering of light takes place. The spatial distribution of the near electric-field intensity at these resonances (insets at bottom of Fig. 1(b) ) shows the light confinement within the nanowire. The resonances arise from light trapped in circulating orbits by multiple internal reflections as it occurs in 'whisperinggallery' microresonators 25 . However, the small size of the nanowire makes that the electromagnetic field extends few nanometers out of the nanowire (evanescent field), and thus the resonances can efficiently interact with the surrounding electromagnetic field 22 . This property is essential to understand the presented sensitivity enhancement in the displacement detection of suspended nanowires. These modes are hereinafter referred to as leaky-mode resonances 22, 24 . We now examine the role of the leaky-mode resonances in the optical detection of the mechanical displacement of nanowires. We measured the profiles of the reflectivity amplitude at the fundamental mechanical resonance of the nanowire for TM and TE polarizations ( Fig. 2(a) , circles). The profile of the nanowire oscillation amplitude (in spectral density units) calculated by combining finite element method (FEM) simulations and the fluctuation-dissipation theorem 21 is also plotted (Fig. 2(a) , line). The reflectivity amplitude due to the Brownian fluctuations exhibits maxima and minima. In other words, the reflectivity amplitude is not proportional to the vibration amplitude as it occurs in the linear regime of Fabry-Perot cavities. For TE polarization, a reflectivity amplitude maximum is located near the fixed end (x 0 < 2.5 mm), where the vibration amplitude is smaller. Notice that the nanowire cross-sectional area increases as the position approaches to the fixed end due to the nanowire tapering, and thereby the vibration amplitude near the fixed end is significantly smaller than in nanowires with uniform cross-section. In Fig. 2(b) , we plot the vibration amplitude versus the reflectivity amplitude for the nanowire region near the clamping (x 0 , 2.5 mm). Displacement sensitivity on the verge of 1 fm/Hz 1/2 is achieved for our reflectivity noise, <10
27 (see discussion below). The obtained sensitivity is even one order of magnitude better than that obtained with state of the art interferometry on reflective flat surfaces with areas that largely exceed the wavelength 15, 16 ; and it is three orders of magnitude higher than the previously reported sensitivities in nanowires 1, 18, 19 . On the contrary, the nanowire is almost undetectable for TM polarization near the free end (at x 0 < 9 mm) where the vibration amplitude is higher. The displacement sensitivity strongly depends on the light polarization as shown in Fig. 2(c) for different laser beam positions along the nanowire. In all cases, the maximum light confinement is achieved at either, TM or TE polarizations. The displacement sensitivity when the laser beam is focused near the middle of the nanowire (position A) enhances for TM polarization. Conversely, the displacement sensitivity at the illumination position B closer to the free end, enhances for TE polarization. At position C, near the free end, the displacement sensitivity is almost insensitive to the light polarization.
We have calculated the displacement responsivity, defined as the ratio of the reflectivity variation to the nanowire displacement. Here, we calculate the displacement responsivity from the measurement of the reflectivity amplitude, and the theoretical calculation of the vibra- tion amplitude as described above. To investigate how the displacement responsivity depends on the nanowire diameter, we chose three nanowires separated from the substrate 1.050 6 50 nm with different degrees of tapering that cover the diameter spectrum from 40 to 240 nm (Fig. 3, top graphs) . Similar results are found with other nanowires. For a given polarization and wavelength, there are diameters at which the nanowire becomes 'invisible', i.e., the regular interference pattern produced by the incoming and reflected waves from the planar substrate is unaffected by the nanowire presence. Conversely, there are diameters, at which the responsivity is largely enhanced, i.e., the silicon nanowire significantly distorts the interference field. We have numerically solved the Maxwell's equations to calculate the field intensity collected in the far field by the objective lens used here (N.A. 5 0.55) (Supplementary Section S4) . The theoretical displacement responsivity for TM and TE polarizations closely resembles the experimental data (bottom graphs in Fig. 3) . The comparison implies that the displacement sensitivity can largely be enhanced when optical resonances of the nanowire are excited. In the range of the diameters used in this study, we find the fundamental TM (0,1) mode for a diameter near 50 nm, TM (1,1) and TE (0,1) modes for a diameter near 120 nm and TM (2,1) and TE (1,1) modes for a diameter near 180 nm. The first index indicates the effective number of wavelengths around the nanowire section and the second index the number of radial field maxima 22 . Except for the fundamental TM (0,1) mode, the TM and TE modes are approximately degenerate.
We now investigate the interaction of the 'evanescent' field of the optical resonance of the nanowire with the standing wave interference pattern. We choose, to investigate this effect, the narrowest nanowire able to support only the fundamental TM (0,1) mode (see Supplementary Section S5 higher modes). Advantageously, these nanowires show very strong polarization dependence that enables switching of the optomechanical coupling. In addition, the narrower the nanowire, the higher the sensitivity in force, stiffness and mass measurements. In the absence of a substrate underneath, the laser beam (wavelength of 633 nm) is resonantly scattered at the TM (0,1) mode for a diameter of about 40 nm (Fig. 4(a), top) . The interaction of TM (0,1) mode with the surrounding electromagnetic interference field produces a large redshift of this mode, resulting in a displacement of the TM (0,1) mode to diameters around 50 nm for the working wavelength. Fig. 4(a) shows the evolution of the displacement responsivity for diameters around 50 nm and the near electric-field intensity distribution with the separation between the nanowire and the substrate. The TM (0,1) peak distorts and shifts with the distance to the substrate, which suggests that the nanowire is subject to significant optomechanical coupling. To quantify the optomechanical coupling, we have calculated the figure of merit for cavity optomechanical systems given by g OM :
Lv c LD , where v c is the optical resonance frequency (v c ) corresponding to the TM (0,1) mode and D is the nanowire-substrate separation 26 . Fig. 4 (b) shows a color-intensity map of the scattering efficiency as a function of the optical frequency and the separation. As the separation decreases, the TM (0,1) mode linearly shifts to higher frequencies. The linear fitting of the optical resonance frequency versus the separation provides a optomechanical coupling constant g OM > 423 GHz/nm, which is close to the highest value achieved so far 27 , but with a mechanical transducer more than three orders of magnitude lighter. We have found that the g OM decreases with the nanowire diameter, which suggests that the extraordinary optomechanical coupling arises from the evanescent field owing to the small size of the nanowire that makes that the nanowire acts an effective antenna that efficiently interacts with the regular interference pattern.
The attainable displacement detection limit in our experimental set-up is determined by the optical noise in the photodetector [15] [16] [17] and the displacement responsivity. The main sources of optical noise are the shot noise and the Johnson noise originated from the intensity-voltage conversion. Shot noise dominates for the laser power used in our experiments, <400 mW. Our theoretical detection limit in reflectivity is of about 10
27
, which is in good agreement with the experimentally measured values. An optimal displacement responsivity of 1.8 3 10
25 pm 21 can be obtained for a nanowire with diameter of 50 nm at a wavelength of 633 nm by positioning the nanowire in the region of highest intensity gradient of the interference field (see Fig. 4(a) ). Notice that for other leaky modes, the optimal position may vary depending on the near electric field dis- . This value provides enough room to detect shorter nanowires that exhibit higher resonance frequencies and smaller masses. This directly results in higher sensitivity in mass sensing or force gradient detection. In Fig. 5(a) we plot the theoretical thermal amplitude at resonance as a function of the nanowire length in vacuum 1, 5, 19 (quality factor < 3000) and in aqueous solution 3 (quality factor < 3). The limit with no external excitation as a function of the nanowire length for quality factors of 3000 (that mimics the vacuum situation) and 3 (that mimics the situation when the nanowire is in liquid). The theoretical displacement detection limit is of about 5 fm/Hz 1/2 for laser powers of <400 mW that enable the measurement of the thermal fluctuations at resonance of nanowires with lengths of <200 nm and 700 nm in vacuum and liquid, respectively. The resulting mass sensitivity for these nanowires is ,100 yoctograms in vacuum and ,100 zeptograms in liquids. optical detection paradigm demonstrated here would enable the measurement of the Brownian fluctuations at resonance of nanowires with lengths of <200 nm and 700 nm in vacuum and liquid, respectively. The mass sensitivity in vacuum without excitation would be of few hundreds of yoctogram, and near one yoctogram with external excitation (Fig. 5(b) ). This outstanding sensitivity can potentially be applied for obtaining new insights into diffusion of atoms and molecules along nanowires as well as for chemical identification of molecules and proteins 7, 28 . Aqueous solutions are the natural environment where biological molecules adopt their native structure and interact with other molecules to perform complex functions in cells. Also, optical detection is best suited for liquid environments. The viscous damping highly reduces the quality factor, but this price is cheap compared with the fascinating applications that tiny nanowires can find in bionsensing and intracellular sensing. Few hundreds of zeptograms can be detected with short nanowires in liquid. This sensitivity would enable the detection of single ligandreceptor events. In addition, nanowires can safely penetrate the plasma membrane and enter biological cells for drug and gene delivery, electrophysiology and endoscopy [29] [30] [31] . We envision that our findings will also place at reach intracellular sensing based on nanowires.
Conclusions
Extraordinary mechanical, optical and electrical properties of silicon nanowires have been exploited in a wide variety of applications including nanoelectronics, photonics, nanomedicine and green energy. Here, we find that the excellent optical and mechanical properties merge when the optical resonances that confine the light within the nanowire couple to the nanowire displacement in a Fabry-Perot nanocavity configuration. The ever-increasing control over nanostructure dimensions can now be used to engineer desired optomechanical devices with nanowires for specific applications. In particular, the optomechanical coupling can be tailored to follow Brownian fluctuations of tiny nanowires with masses in the femtogram range, thus opening fascinating applications for biological sensing with unprecedented sensitivity, and for obtaining new insights on surface science at the level of single molecules. The excellent optomechanical coupling can also be harnessed in high finesse optical cavities for achieving quantum ground state 27 , or for self-sustained oscillation with high frequency stability 20 . However, as nanotechnology has taught us in the last decade in other discoveries, the opportunities opened when different disciplines meet at the nanoscale, as here with optics and mechanics, are simply beyond our imagination.
Methods
Device fabrication. Silicon on insulator (SOI) substrates with a ,110. orientation of the 2-mm-thick device layer were patterned by photolithography and reactive ion etching to define the simple supporting microstructures with ,111. oriented sidewalls on which the nanowires were intended to grow. Before nanowire growth, the substrates were coated with 80-or 150-nm-diameter gold nanoparticles (British Biocell). Silicon nanowires were grown in an atmospheric-pressure chemical vapour deposition (CVD) reactor at 800uC with 10% H 2 /Ar as both diluent and carrier gas. Flow rates of 270 and 45 s.c.c.m. were used, respectively. The carrier gas was passed through a liquid SiCl4 bubbler maintained at 0uC to maintain a constant vapor pressure.
Experimental setup. The silicon die was mounted on a three-axis piezoelectric translation stage for positioning and scanning under the probe beam. The sample on the piezoelectric translation stage was placed into a small vacuum chamber pumped down to the 1 3 10 26 torr. A 5-mW He-Ne gas laser beam (l 5 633 nm) was focused onto the sample through an intensity filter, beamsplitter and a 350 objective with a numerical aperture of 0.55. The spot size was 0.7-1.5 microns. The optical power of the beam incident on the nanowires was of about 0.5 mW. The reflected light was collected by the objective and detected by a photovoltaic silicon pin diode followed by a low-noise current-to-voltage preamplifier and high-speed digitizer connected to a PC.
